The so-called thermodynamic anomalies of water form an integral part of the peculiar behaviour of this both important and ubiquitous molecule. In this paper our aim is to establish whether the recently proposed TIP4P/2005 model is capable of reproducing a number of these anomalies. Using molecular dynamics simulations we investigate both the maximum in density and the minimum in the isothermal compressibility along a number of isobars. It is shown that the model correctly describes the decrease in the temperature of the density maximum with increasing pressure. At atmospheric pressure the model exhibits an additional minimum in density at a temperature of about 200K, in good agreement with recent experimental work on super-cooled confined water.
I. INTRODUCTION
In this paper we are interested in the thermodynamic response functions in the region where water exhibits 'anomalous' behaviour. In particular, these are the expansion coefficient (which vanishes at temperatures close to the melting point, resulting in the well known maximum of density at about 4
• C at atmospheric pressure) and the isothermal compressibility 30 (κ T ) which shows a minimum at 46.5 • C at p=1 bar. Moreover, we shall investigate whether the model is able to describe the pressure dependence of these thermodynamic properties, namely, the decrease in the temperature of the density maximum and the shift towards slightly higher temperatures of the minimum in κ T as the pressure increases. It will be shown that the model is indeed able to describe these two features quite well, which provides further evidence of the robust behaviour of the model even when estimating properties that were not taken into account in the original fitting process.
II. METHODOLOGY
The interaction between water molecules will be described by the TIP4P/2005 model.
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In this model, a Lennard-Jones centre is located on the oxygen atom, positive charges are placed on the hydrogen atoms and a negative charge is located at the site M situated along the H-O-H bisector. For the simulations we have used the molecular dynamics package GROMACS (version 3.3). 31 The Lennard-Jones potential has been truncated at 9.0Å. Long range corrections were applied to the Lennard-Jones part of the potential (for both the energy and pressure). Ewald summations were used to deal with electrostatic contributions.
The real part of the Coulombic potential was truncated at 9.0Å. The Fourier component of the Ewald sums was evaluated by using the Particle Mesh Ewald (PME) method of Essmann et al. 32 The width of the mesh was 1Å and a fourth degree polynomial was used.
The simulation box was cubic throughout the whole simulation and the geometry of the water molecules was enforced using constraints. 33, 34 The temperature was set by using a Nosé-Hoover 35, 36 thermostat with a relaxation time of 2 ps. To maintain constant pressure an isotropic Parrinello-Rahman barostat 37,38 with a relaxation time of 2 ps was used. As a check, at two pressures, p=1 bar and p=400 bar, Monte Carlo simulations were performed using a bespoke program. The Monte Carlo densities were in complete agreement with those obtained from molecular dynamics using GROMACS.
To determine the maximum in density, molecular dynamics simulations have been performed along the isobars p=1, 400, 1000, and 1500 bar. The number of molecules used in the simulations was 256. Long runs are required to determine the maximum in density; for each thermodynamic state twenty million time-steps were performed. Since the time step was 2 fs, the results presented here are an average of the properties of the system obtained from runs of 40 ns. The simulations were started at high temperatures, and the final configuration of a particular run was used as the initial configuration for a lower temperature simulation. Typically about 6 to 8 different temperatures were studied along each isobar.
The isothermal compressibility is defined as:
The literature for the isothermal compressibility of water models is rather scant 39, 40 
The volume fluctuations were typically averaged over 20 ns using a time-step of 1 fs. Preliminary results for TIP4P/2005 model were sufficiently close to the experimental value as to warrant a more precise calculation. Thus, for this model, the isothermal compressibility has been determined via two different procedures using, in both cases, a time-step of 
Thus in order to compute C p the enthalpy at each temperature was first calculated. These values for the enthalpy were then fitted to a polynomial and this fit was then differentiated with respect to temperature to obtain C p (T ).
III. RESULTS
The simulation results for the densities are reported in Tables I, II, III and IV of ice I h (taken from our previous work 25, 43, 44 ) is plotted along the TMD curve determined in this work. As can be seen, both curves have a negative slope. Notice also that at room pressure the distance between the melting curve of ice I h and the TMD is about 25K, which is in contrast with the 4K of difference found experimentally. The impossibility of reproducing simultaneously both the TMD and the melting temperature in models having three charges has been discussed previously 26, 27 .
Another interesting issue is the behaviour of the density along the atmospheric pressure isotherm at very low temperatures. Experimentally, it is not possible to obtain the density of water at temperatures below 233 K (the homogeneous stability limit of water at atmospheric pressure 45 ) due to spontaneous nucleation and freezing. However, recently, it has been possible to avoid the formation of ice by confining water in pores a few nanometers in diameter (most probably because of the decrease in the freezing point of water due to confinement as described qualitatively by the Gibbs-Thomson approach 46 ). Thanks to this the density of deuterated water has recently been determined for the first time 47 for temperatures as low as 160 K, reporting the existence of a minimum in the density at a temperature of about 200 K. A similar study (for water instead of deuterated water) was performed by Mallamace et al. 48 . By using infra-red (IR) spectroscopy, it was possible to determine the density of liquid water in the super-cooled regime down to 150 K. In Fig 51 The minimum in density of supercooled water occurs just when the density is approaching that of the ice I h . However, we did not succeed in obtaining ice I h by cooling water; the radial distribution functions of the supercooled water (at room pressure) below 200K are clearly different from those of ice I h . Rather the minimum in density corresponds to the formation of a glassy state. Note that the existence of such a minimum is not only restricted to water but is also present in materials such as tellurium 52 . Interestingly the melting curve for tellurium exhibits re-entrance . Such re-entrant behaviour was also found in our studies of the phase diagram of water models 21 .
We have also computed the self-diffusion coefficient at p =1 bar and p=1000 bar. Let us now focus on another of the 'anomalous' properties of water, the isothermal compressibility. The experimental measurements 54, 55, 56, 57 show that, at atmospheric pressure, κ T drops as the temperature increases from the melting temperature up to 46.5 • . Above this temperature water behaves as a normal liquid and the isothermal compressibility increases with temperature. It is also well established from experiment that the temperature for which κ T is minimal shifts slightly towards higher values as the pressure increases. Contrary to the maximum in density, the ability of the water models to account for the compressibility minimum has not yet been established. As mentioned in the previous section, simulation studies of the isothermal compressibility are few and far between 39, 40 . Moreover, the computational resources available did not allow the extended simulations needed to calculate κ T with the precision required to determine whether the most common water models predict the compressibility minimum. For this reason we have calculated the compressibility for a select few 'popular' water models. The results are presented in Table VII for the SPC/E, TIP4P and TIP5P models and in Table VIII for TIP4P/2005. The calculations for SPC/E, TIP4P and TIP5P were performed at atmospheric pressure for three different temperatures, namely 260 K, 300 K and 360 K. Fig. 6a shows that the temperature dependence of the isothermal compressibility for TIP5P does not follow the experimental pattern since, for this model, κ T is a monotonously increasing function along the whole experimental liquid range.
Despite the fact that the slope of the TIP5P curve is opposite to the experimental one, the values of κ T are coincident in a narrow range of temperatures because the simulation and the experimental curves cross at a temperature close to the freezing point of liquid water. For temperatures near the boiling point the TIP5P model fails completely, where the predicted compressibility at 360 K is almost twice the experimental value.
As for the performance of the SPC/E and TIP4P models, both provide fairly similar results. In fact their curves are parallel, showing a more or less defined minimum around 270 K (more computations would be needed to determine the precise location of the minima).
The results of SPC/E are somewhat shifted to higher temperatures with respect to those of TIP4P, which results in a slightly better agreement with the experimental data. At high temperatures, the differences between simulation and experiment are quite noticeable for both SPC/E and TIP4P (though less dramatic than in the TIP5P case).
As can be seen in Fig. 6b plotted both panels using the same scale). In Fig 6, we also present the compressibility results at a higher pressure (1000 bar). TIP4P/2005 predictions for this isobar are slightly better than those for atmospheric pressure. A compressibility minimum is also found at 1000 bar, and, in accordance with the experiment, the minimum appears at an slightly higher temperature than it does at atmospheric pressure 54 .
Finally we have examined the behaviour of the heat capacity at constant pressure for two isobars, namely, p = 1 bar and p = 1000 bar. The results are presented in figure 7 . As can be seen, the model hints at the existence of minima in the heat capacity for both of these isobars. The location of the minimum seems to move to lower temperatures as the pressure increases, in concordance with experiment (see fig.7 of Ref. 41 ).
In figure 8 
